The key pathogenetic event of many retinopathies is apoptosis of retinal cells. Our previous studies have demonstrated that Coenzyme Q10 (CoQ10) prevents apoptosis of corneal keratocytes both in vitro and in vivo, by virtue of its ability to inhibit mitochondrial depolarization, independently of its free radical scavenger role. The aim of this study was to evaluate whether CoQ10 can protect cultured retinal cells and the retinas of rats from radiation-induced apoptosis, if instilled as eye drops in the cornea. In vitro experiments were carried out on cultured ARPE-19 or RGC-5 cells pretreated with CoQ10 before eliciting apoptosis by UV-and γ-radiation, chemical hypoxia (Antimycin A) and serum starvation. Cell viability was evaluated by light microscopy and fluorescence activated cell sorting analysis. Apoptotic events were scored by time-lapse videomicroscopy. Mitochondrial permeability transition was evaluated by JC-1. The anti-apoptotic effectiveness of CoQ10 in retina was also evaluated by an in situ end-labeling assay in Wistar albino rats treated with CoQ10 eye drops prior to UV irradiation of the eye. CoQ10 substantially increased cell viability and lowered retinal cell apoptosis in response both to UV-and γ-radiation and to chemical hypoxia or serum starvation by inhibiting mitochondrion depolarization. In the rat, CoQ10, even when applied as eye drops on the cornea, protected all retina layers from UVR-induced apoptosis. The ability of CoQ10 to protect retinal cells from radiation-induced apoptosis following its instillation on the cornea suggests the possibility for CoQ10 eye drops to become a future therapeutic countermeasure for radiation-induced retinal lesions.
INTRODUCTION
The pivotal role of apoptosis in the pathogenesis of retinopathies or retinal damage has been largely recognized. Paradoxically, although light is essential for vision, its ultraviolet component is the main exogenous stimulus of retinal damage [1] . Nevertheless, little is known about the impact of phototoxicity on the retina [2] . Light-induced damage is strictly dependent on radiation wavelength, with ultraviolet radiation (UVR) being the most hazardous. Nevertheless, while UVR themselves with wavelengths as short as 295 nm has been recorded in children [3] , UVB (315-280 nm) is strongly absorbed by the lens and most UVC (280-100 nm) is cut off by the cornea in adults [4] . In particular, young people absorb about 25% total UVR into the anterior eye, whereas octogenarians absorb up to 80%. In rats, both UVB and UVC can reach the retina, altering its structure and functions [5] . Although UVR toxicity in rats may not be directly applicable to humans [6] , UVR has been proven to induce damage that is not well understood in the human eye [7] , apart from its responsibil-ity in the onset of ciliary body and choroid melanoma [8] . Besides solar light, two main types of natural radiation have an impact on the human eye: they are radioactive nuclides originating from the Earth's crust and high-energy cosmic rays entering the Earth's atmosphere (UNSCEAR Report 2000 and 2008) . Since their energy is higher than 10 eV, they induce direct ionization of molecules, including DNA fragmentation leading to apoptosis.
Excessive exposure to sunlight and particularly to UVR and natural radiation may lead to oxidative stress of eye tissues. Being highly metabolically active, the retina is particularly susceptible to such stress [9] [10] [11] [12] [13] , with retinal pigmented epithelium (RPE) and even more so its degenerated counterpart in retinopathies being the most susceptible [10, 13, 14] . The importance of oxidative stress as a mediator of apoptosis [15] [16] [17] , as well as its role in the onset and progression of retinal degeneration [18] [19] [20] [21] [22] suggest application of antioxidants and anti-apoptotic molecules as possible therapies.
A variety of genetic retinopathies are characterized by retinal cell death. In particular, mutations/deletions of the rpe65 gene in RPE and cone photoreceptor cells characterize severe forms of early-onset retinal dystrophy, including Leber congenital amaurosis [23] , which are driven by RPE cell apoptosis. Since rpe65 is a well-studied gene and associated with known phenotypes, cells carrying rpe65-inactivating mutations constitute a meaningful model of retinal dystrophy.
The opening of the mitochondrial permeability transition pore (mPTP) followed by extrusion of apoptogenic molecules to the cytoplasm [24] is recognized as the main trigger of apoptosis. We previously showed both in vitro [25] and in vivo [26] that CoQ10 (or ubiquinone Q10) inhibited corneal keratocyte apoptosis with a much higher effectiveness with respect to other antioxidants. We then demonstrated that this was due to the ability of CoQ10 to inhibit the mitochondrial permeability transition [27] , independently from CoQ10 antioxidant properties. However, Devun et al. [28] have shown that synthetic ubiquinones were able not only to inhibit but also to induce the opening of mPTP and that this depended on the cell type. On the other hands, Fato et al. [29] have reported that corneal administration of CoQ10 eye drops markedly increased CoQ10 vitreous levels, which raised the possibility that CoQ10 instilled as eye drops on the cornea could reach the retina. All the above observations prompted us to explore the possibility that, following its corneal instillation, CoQ10 could extend its antiapoptotic properties to retinal cells, using UV-and γ-radiation as the main apoptotic stimuli.
MATERIALS AND METHODS

Cell lines
In vitro experiments were performed on the human retina pigmented epithelial (RPE) cell line ARPE-19 (ATCC; Manassas, VA, USA) and the rat ganglion cell line RGC-5 (obtained from Professor Neeraj Agarval, University of North Texas Health Science Center, Fort Worth, TX, USA). ARPE-19 cells were cultured in 50% Dulbecco's Modified Eagles Medium (DMEM) and 50% F12 medium supplemented with 10% fetal calf serum (FCS), 100 U/ml penicillin G and 100 μg/ml streptomycin, in a humidified incubator at 37°C in 5% CO 2 . RGC-5 cells were cultured in DMEM medium, supplemented with 10% FCS, 100 U/ml penicillin G and 100 μg/ml streptomycin, in a humidified incubator at 37°C in 5% CO 2 .
Cell treatments
Cells were irradiated with UVR at a dose of 15 mJ/cm 2 (254 nm; UV Stratalinker 1800, Stratagene) or with γ-rays, chosen as paradigmatic of ionizing radiation, emitted by 0.03 µM 3 H-thymidine (specific activity 35 Ci/mmol) corresponding to 20 µCi/ml, added to the culture medium. The respiratory chain blocker Antimycin A at 200 µM concentration and fetal bovine serum restriction to 0.5%, were also used as ischemia-mimetic apoptotic stimuli non-inducers of free radicals. Each damaging agent was applied at doses experimentally established to induce apoptosis rather than necrosis. Cell pre-treatment with 10-µM CoQ10 dissolved in 0.04% Lutrol F127, used as vehicle to ensure cellular uptake, began 2 hs before application of the apoptotic stimuli. Vehicle alone-treated cells were used as controls. The treatments proceeded for 24-72 h as indicated.
Silencing of rpe65 by siRNA ARPE-19 cells were transfected using Lipofectamine2000 reagent (Life Technology, Carlsbad, CA, USA) with a combination of two siRNAs (Sigma-Aldrich, Munich, Germany) specific for the rpe65 and one siRNA (Sigma-Aldrich) specific for the GFP at 100 nM final concentration. The sequences of rpe-65 mRNA targeted by the siRNAs were: 5 0 -TCAGAATCAGGAGATAAGC-3 0 and 5 0 -ATCAACCTGCTTAATTGTC-3 0 . The GFP mRNA sequence targeted by the siRNA was:
For evaluation of silencing efficacy, 48 h post-transfection cells were pelleted at 100 × g for 5 min at 4°C, washed with ice-cold phosphate-buffered saline (PBS) and lysed in radioimmunoprecipitation buffer (50 mM Tris-HCl, pH 7.5, 1 mM EDTA, 1% NP-40, 150 mM NaCl, 0.25 mM Pefabloc, 2 µM leupeptin, 0.3 µM aprotinin and 0.1 mM sodium orthovanadate). Following incubation on ice for 10 min, cells were vortexed for 10 s, then centrifuged for 20 min at 16 000 × g. Supernatants were saved and protein concentrations were determined using the Qubit™ fluorimeter (Life Technologies). For immunoblot analysis, protein extracts (50 µg) were separated with NuPAGE 12% Bis-Tris Gel (Life Technologies) and electroblotted (Trans-Blot ® Semi-Dry apparatus; Bio-Rad, Hercules, CA, USA) onto Protran nitrocellulose transfer membranes (Perkin Elmer, Boston, MA, USA). Primary antibodies used were mouse monoclonal RPE65 (Chemicon, Millipore, Billerica, MA, USA) and β-Tubulin (Sigma-Aldrich, Munich, Germany). The secondary antibody was goat anti-mouse IRDye 800CW (Li-Cor, Lincoln, NE, USA). The protein bands were analyzed using the Odyssey Infrared Imaging System (Li-Cor, USA).
Quantification of living and apoptotic cells
The viability of retinal cells was evaluated microscopically and confirmed by fluorescence-activated cell sorting (FACS) analysis on Guava PCA, with Guava ViaCount reagent and CytoSoft software (Guava Technologies, 4000-0040, Hayward, CA, USA). The cumulative apoptotic events were scored by time-lapse videomicroscopy using a Zeiss inverted phase contrast microscope equipped with a 10× objective and Panasonic CCD cameras. After cell detachment from the substrate, an apoptotic event was counted the moment the cell had shrunk completely and blebbing started, as previously reported [27] . The time when most treated cells were dead and the number of remaining living cells was too low for comparison was taken to be the experiment endpoint.
JC-1 assay
The shift in mitochondrial permeability transition (ΔΨ) occurring during apoptosis was detected in ARPE-19 cells with a fluorescence-based assay. Cells were cultured on cover slips in six-well tissue culture plates. Following application of indicated apoptotic stimulus, cells were maintained in appropriate culture medium containing 2.5 mg/ml of the lipophilic cationic probe 5,5 0 ,6,6 0 -tetrachloro-1,1 0 3,3 0 -tetraethylbenzimidazol-carbocyanine iodide (JC-1; Molecular Probes, Eugene, OR, USA) for 20 min at 37°C. This dye has a unique feature: at hyperpolarized membrane potentials (to -140 mV) it forms a red fluorescent J-aggregate, whereas at depolarized membrane potentials (to -100 mV) it remains in the green fluorescent monomeric form. Prior to detection, cells were washed in BPS and placed in an open slide-flow loading chamber that was mounted on the stage of a confocal scanning microscope (Bio-Rad) equipped with a krypton/argon laser source. The emitted fluorescence was monitored at 488-and 568-nm wavelengths with a Nikon plan Apo 60X oil-immersion objective.
The rat model
Experiments with rats were performed in compliance with the Italian law on animal care (no. 116/1992), which is in accordance with the guidelines established by the Association for Research in Vision and Ophthalmology (ARVO) Statement for the Use of Animals. All efforts were made to reduce both animal suffering and the number of animals used. Adult Wistar albino rats weighing 250-300 g were anesthetized by intramuscular injection of ketamine hydrochloride (30 mg/kg) and xylazine hydrochloride (5 mg/kg) and UV-irradiated for 1 min at a distance of 3 cm, with lids clamped open at an intensity of 14 mW/cm 2 , using a high pressure mercury arc lamp (Osram HBO 100W/2) equipped with two concave quartz lenses and a UV filter, as reported by Wichert et al. [30] . During the three preoperative days each right eye was treated four times daily by instillation of an eye drop solution containing 0.2% CoQ10 in 10% Lutrol 127, 5% Cremophor EL, 0.45% NaCl and 0.001% benzalconium chloride in H 2 O, in a preparation suitable for topical application on the eye surface. Each left eye was treated with the same eye drop solution without CoQ10. At the 36th hour after UV irradiation, rats were sacrificed, eyes were rapidly removed and sectioned for in situ end labeling analysis.
In Situ End Labeling (ISEL)
Paraffin-fixed blocks were prepared and the microtomesliced retinas were affixed to glass slides and analyzed microscopically and by ISEL (Boehringer Mannheim, Mannnheim, Germany) analysis of nicked DNA as a marker of apoptosis, as described previously [31] . The counting of ISEL-positive nuclei was carried out by two different observers.
Statistical analysis
Data are presented as means ± SEM of at least three to four independent experiments. Statistical comparisons were made by using Student's t-test. A value of P < 0.05 was considered statistically significant.
RESULTS
CoQ10 protects retinal cells from apoptosis caused by UV-or γ-radiation, serum starvation and chemical hypoxia Cultured retinal pigment epithelial cells (ARPE-19) were subjected to the free radical inducer stimuli UV (15 mJ/cm 2 ) or γ (0.03 µM 3 H-thymidine, 1 µCi/ml) irradiation, or to serum starvation (FCS 0.5%) and chemical hypoxia (Antimycin A, 200 µM) used as ischemia mimetic stimuli, non-inducers of free radicals in order to investigate the apoptotic effects of CoQ10 on retinal damage. The cultured retinal ganglion cells (RGC-5) were also challenged with UV irradiation. Two hours before application of damaging stimuli, cells were pretreated with CoQ10 (10 µM) (+CoQ10) or with vehicle alone (-CoQ10) used as a control. Figure 1A shows that ARPE-19 and RGC5 viable cells examined by light microscopy were markedly reduced following apoptotic stimuli, but to a much lower extent when CoQ10 was added to the culture medium. FACS analysis of viable cells with ViaCount reagent on Guava PCA is shown in Figure 1B ). Scoring by time-lapse video-microscopy the cumulative apoptotic events in ARPE-19 cells subjected to UV or γ irradiation shown in Fig. 2 confirmed the anti-apoptotic effect of CoQ10. Indeed, UV irradiation of ARPE19 cells resulted in a progressive increase in the cumulative apoptotic events ( Fig. 2A) , whose number was six-fold higher (73 ± 3) than in the untreated controls (12 ± 2) at the 72nd hour. This number was only twice as high (27 ± 2) if cells were pretreated with CoQ10 2 h before UV irradiation.
Similarly, γ radiation raised the number of cumulative apoptotic events 6.5-fold compared with the controls (from 9 ± 2 to 61 ± 3) at the 50th hour, which was considered the endpoint of these experiments as explained in the Materials and Methods (Fig. 2B) . Also in this case, pre-treatment with CoQ10 halved the number of apoptotic events (30 ± 2) at the 50th hour.
We then evaluated the effectiveness of CoQ10 in preventing the progression of retinopathies, extending our study to a cellular model of retinitis pigmentosa, a genetic retinopathy characterized by retinal cell hypersensitivity to the oxidative stress induced by sunlight and radiation, assumed as a retinopathy paradigm [32] . For this purpose we have used specific siRNAs to silence the rpe65 gene in the ARPE19 cell line, since RPE cell deletion is known to underlie retinitis pigmentosa, and then we challenged rpe65-silenced cells with UVR as described above. Figure 3A shows that the silencing of the rpe65 gene results in a significant reduction of relevant RPE65 protein, as compared with the control (siGFP). Figure 3B shows that ARPE19 cells knocked down for rpe65 are hypersensitive to UVR in terms of cumulative apoptotic events, which were significantly higher (siRPE65, 108 ± 6) at 72 h not only in comparison with the siGFP control (87 ± 4) but also with the UV-treated wt ARPE cells (73 ± 3, see Fig. 2A ). Nevertheless, CoQ10 maintained its high efficacy, succeeding in reducing two-fold the number of apoptotic events in ARPE19 cells knocked-down for rpe65 compared with the CoQ10 untreated sample (from 108 ± 6 to 58 ± 5) at 72 h after UV irradiation. 
CoQ10 counteracts mitochondrial depolarization induced by apoptotic stimuli
To evaluate if CoQ10 could prevent mitochondrion depolarization independently of its antioxidant property, chemical hypoxia, a non-inducer of free radical apoptotic stimulus, was used. Antimycin A treatment of ARPE-19 cells caused a shift of mitochondrial membrane charge (Δψ) evaluated by the uptake of JC-1, which evidences highly negative Δψ as fluorescent red-orange-stained mitochondria and low Δψ as an increase in fluorescent green-stained mitochondria (Fig. 4) . CoQ10 counteracted this phenomenon, significantly preventing mitochondrial membrane depolarization in more than 50% of ARPE-19 cells examined.
CoQ10 instilled in the cornea prevented UV-induced retinal damage in rats
Wistar rats were sedated and treated with one drop of CoQ10 (right eye) solution or with the vehicle alone (left eye), administered 60 and 15 min before UV irradiation and 12, 24 and 36 h after UV irradiation (1 min, 14 mW/cm 2 , wavelength from 280 to 380 nm). The number of ISEL-positive apoptotic cells scored in all retinal layers at the 36th hour after UV irradiation (Fig. 5A ) was dramatically reduced in the eyes treated with CoQ10 as compared with those treated with the vehicle alone. Quantification of ISEL-positive rat retinal cells counted in samples of ganglion (GCL), inner (INL) and outer (ONL) nuclear layer is reported as a percentage of ISEL-positive cells compared with the total number of counted cells (Fig. 5B) . The high number (74 ± 5%) of retinal apoptotic cells in UV-irradiated eyes treated with the vehicle alone underwent a dramatic drop (more than 50%) in retinas explanted from eyes treated with CoQ10 instilled in the cornea (32 ± 8%).
DISCUSSION
Previous studies on anti-apoptotic molecules suitable for treatment of ophthalmologic diseases have shown that 2 ) and (B) γ irradiation (20 µCi/ml). Where specified, the cells were pretreated (+CoQ10) or not (-CoQ10) with CoQ10. Untreated cells served as controls. The cumulative apoptotic events were detected and registered progressively by time-lapse videomicroscopy up to 72 h after stimulation. An apoptotic event was scored the moment the cell, after detachment from the substrate and shrinking, began apoptotic blebbing. Each value is the mean ± SEM of three experiments (*P < 0.005 -CoQ10 vs. control; **P < 0.01 +CoQ10 vs. -CoQ10).
CoQ10 is significantly more effective than other antioxidants (Vitamin A, C, E) in preventing apoptosis of corneal keratocytes elicited by therapeutic excimer laser irradiation both in vitro [25] and in vivo [26] . This suggests that the anti-apoptotic property of CoQ10 could involve mechanisms independent from its antioxidant activity. The implication of complexes I and III of the respiratory chain with the mPTP and the association of ubiquinone Q10 with both complexes were in favor of this possibility, suggesting that CoQ10 could be part of the mPTP complex functioning as an inhibitor of its opening. Thereby, CoQ10 could prevent apoptosis independently from its role as a potent free radical scavenger. We confirmed this possibility by demonstrating that CoQ10 was able to prevent apoptosis in corneal keratocytes in response to a variety of apoptotic stimuli, both inducers and non-inducers of free radicals (ceramide, hypoxia, deprivation of growth factors), by maintaining the mPTP in a closed conformation [27] .
The general effects of CoQ10 on the vision and, in particular, on retinal health have not been extensively investigated so far. A few studies have indicated that oral or intravitreal administration of CoQ10 significantly improved eyesight [33] [34] [35] and protected retinal cells against oxidative stress [36, 37] or high intraocular pressure-induced ischemia [38] . However, the molecular mechanisms have not been unraveled so far and the possibility that CoQ10 corneal eye drops could reach the retina to exert its antiapoptotic activity has not yet been explored.
In this paper we have shifted our studies on the antiapoptotic property of CoQ10 from the cornea to the retina using UV-and γ-irradiation as the main apoptotic stimuli. The observation of Devun et al. [28] that various ubiquinone analogs can prevent or induce the opening of mPTP and, therefore, apoptosis, depending on the cell type, meant our investigation was not obvious. Our results clearly indicate that CoQ10 inhibits apoptosis both in RPE cells and in retinal ganglion cells (RGC), not only in response to free radical inducer stimuli, which were exciting (UVR) or ionizing (γ) radiation, but also in response to non-inducer free radical stimuli, which were chemical hypoxia and growth factor deprivation. This strongly suggests the role of CoQ10 is as a mitochondrion permeability transition inhibitor, as we previously demonstrated in corneal keratocytes [27] could be extended to RPE and RGC cells. We confirmed this possibility by demonstrating that CoQ10 was able to prevent mitochondrial depolarization in ARPE-19 cells also in response to chemical hypoxia (Antimycin A), an apoptotic stimulus that did not induce free radical production.
It should be noted that we also demonstrate for the first time that instillation of CoQ10 in the cornea of a rat model of UVR-induced retinal damage results in apoptosis inhibition in all retinal layers. The report of Fato et al. [29] that corneal administration of CoQ10 eye drops markedly increased CoQ10 vitreous levels suggests that CoQ10 could protect retinal layers from apoptosis by reaching the retina. Nevertheless, the possibility also exists that the presence of CoQ10 in the cornea or in the vitreous body may inhibit UVR-induced apoptosis by interfering with UVR reaching retinal layers consequently to its absorbance. Furthermore, the significant decrease of endogenous CoQ10 in the choroid and retina during aging (by about 40% in humans older than 80 years of age compared with those under 30 years of age) reported by Qu et al. [39] , suggests that the age dependence of dry age-related macular degeneration progression may be consequent to this reduction and raises The results reported in this paper and discussed above confirm our working hypothesis that CoQ10 is able to prevent UV-and γ-radiation-induced apoptosis of retinal cells by inhibiting mitochondrial permeability transition. In addition, the ability of CoQ10 to prevent UVR-induced apoptosis also in rpe65-silenced ARPE-19 cells, chosen as a cellular model of retinal degeneration, suggests that CoQ10 could be effective also in inhibiting the progression of retinopathies, for which solar UVR is recognized as one of the main causes. Furthermore, the evidence that CoQ10 extends its anti-apoptotic property also to retinal cells committed to apoptosis by serum deprivation or chemical hypoxia allows us to hypothesize a general therapeutic application of CoQ10 eye drops for the treatment of apoptosissustained retinopathies. In conclusion, the ability of CoQ10 eye drops instilled on the cornea to prevent UVR-induced apoptosis in all retinal layers suggests that it would be a good idea to evaluate the possibility that CoQ10 eye drops could become a future easily administrable therapy for treatment of acute retinal lesions induced by UVR.
